INTRODUCTION
The intestinal mucosal surface is composed of a single layer of epithelial cells backed up by an underlying array of immune cells in the lamina propria (LP) and protected on the luminal side by a mucous layer, which contains substantial amounts of secreted immunoglobulin A (IgA) antibodies (Artis, 2008; Brandtzaeg and Pabst, 2004; Fagarasan et al., 2010) . This barrier separates the contents of the gut lumen from the underlying tissue. It must be able to respond vigorously to invading pathogens while ensuring that harmless commensals do not trigger chronic inflammatory responses (Sansonetti, 2004) . Eosinophils are an integral part of the LP and their numbers increase substantially in response to inflammatory reactions triggered by conditions such as allergic food disorders or inflammatory bowel diseases Mishra et al., 1999; Rothenberg et al., 2001) . Eosinophils are regarded as proinflammatory cells, which also contribute to tissue remodeling and wound healing (Rothenberg and Hogan, 2006) .
Recently eosinophils have been shown to have an important role in adaptive immune responses by acting as key providers of plasma cell survival factors in the bone marrow (BM). By secretion of the cytokines a proliferation-inducing ligand (APRIL) and interleukin-6 (IL-6), eosinophils ensure the longevity of plasma cells, which in turn are responsible for the long-term maintenance of protective antibody titers (Chu and Berek, 2012; Chu et al., 2011) . Nevertheless, the majority of plasma cells are not in the BM, but rather in the LP of the intestine (Brandtzaeg and Pabst, 2004) . Continuous activation of B cells by bacterial compounds is thought to induce plasma cell differentiation in the regional lymph nodes and in the gut associated lymphoid tissues (GALT) including Peyer's patches (PP) and isolated lymphoid follicles (ILF) . In contrast to the situation in peripheral lymph organs, a germinal center reaction can be induced in PP not only after B cell activation through the antigen receptor but also after innate activation through Toll-like receptors (TLRs) (Casola and Rajewsky, 2006; Fagarasan et al., 2010) . T follicular helper (Tfh) cells are required both for affinity maturation and for the differentiation of germinal center B cells into plasma cells (Zotos et al., 2010) . In the PP, a specific subset of Tfh cells has been shown to control the class switch of mucosal B cells to IgA-expressing plasmablasts (Hirota et al., 2013; Tsuji et al., 2009) . The newly generated plasmablasts leave the PP and migrate through the blood circulation, and a fraction of them home to the LP. In the absence of competition from additional newly generated plasmablasts they have a half-life there of at least 4 months (Hapfelmeier et al., 2010) .
Given the central role of eosinophils in maintenance of plasma cells in the BM, we asked what role they might play for plasma cells in the LP. We show that in eosinophil-deficient mice the generation and maintenance of IgA plasma cells is impaired, which results in a reduction in IgA concentrations. In vitro cultures suggest that eosinophils promote IgA class switching by providing active transforming growth factor-b (TGF-b). In eosinophil-deficient mice, the development of CD103 + T cells, including forkhead box P1 (Foxp3) + T regulatory (Treg) cells, and also CD103 + DC is affected, suggesting a lack of active TGF-b. These changes are accompanied by changes in the gut flora thus showing eosinophils contribute to the balance between the microbiota and the immune system.
RESULTS

Eosinophils and Plasma Cells Colocalize in Murine and
Human LP To determine the frequency of eosinophils in PP, MLN and the LP of the murine small intestine, cell suspensions were prepared, stained with Gr-1-, CD11b-and Siglec-F-specific antibodies and analyzed by flow cytometry. On average, 5% of the cells in the LP are eosinophils, whereas in PP and MLN only a few eosinophils are detectable (see Figure S1A available online). Murine LP sections stained with antibodies specific for the major basic protein (MBP), a marker protein of eosinophils, with anti-IgA antibodies as a marker of plasma cells and with laminin-specific antibodies to visualize the extracellular matrix, showed that the LP is densely populated by both eosinophils and plasma cells, and that most of the plasma cells are in close proximity to eosinophils ( Figure 1A, left panel) .
Biopsies of the human colon were stained with antibodies specific for plasma cells (IgA), eosinophils (MBP), and the extracellular matrix (Laminin). Areas containing high numbers of plasma cells also contain high numbers of eosinophils ( Figure 1A , middle panel) and most of the IgA + plasma cells are in contact with neighboring eosinophils ( Figure 1A , yellow squares in right panel).
To ask whether gut eosinophils express plasma cell survival factors, murine and human intestinal tissue sections were (E) IgA-coated fecal bateria were counted by staining enteric bacteria with anti-mouse IgA and propidium iodide (PI) and analyzing by flow cytometry. (F) The mucus layer was visualized by staining colon sections with WGA and phalloidin. All sections were counterstained with DAPI. Scale bar represents 50 mm. Representative data are shown. Data are means ± SD (**p < 0.01, ***p < 0.001).
stained with APRIL-specific antibodies. Almost all of the LP eosinophils expressed this cytokine ( Figure 1B , left and right panels) and the murine eosinophils also expressed IL-6 (Figure 1B, middle panel) . In addition, abundant expression of these cytokines by mucosal epithelial cells was seen, confirming previous results for human gut epithelial cells (He et al., 2007) .
IgA
+ Plasma Cells Are Decreased Numerically in the LP of DdblGATA-1 Mice DdblGATA-1 mice carry a deletion of a double palindromic GATA-site in the Gata1 promoter, which prevents the development of mature eosinophils (Yu et al., 2002) . Staining of tissue sections from the small intestine and the colon showed that in the absence of eosinophils the number of plasma cells in the LP is reduced ( Figure 1C ). The few remaining plasma cells were mainly close to the crypts. A significant decrease in the absolute number of IgA plasma cells was confirmed by ELISPOT ( Figure S1B ) and is reflected by reduced amounts of circulating IgA ( Figure 1D , left panel) and a reduction in the amount of secreted IgA in the lumen of the small intestine ( Figure 1D , middle panel). In addition, the amount of secreted IgA in feces of DdblGATA-1 was significantly decreased in comparison to that in the wild-type (WT) control ( Figure 1D , right panel).
As a consequence of reduced IgA, bacteria isolated from the feces of DdblGATA-1 mice were coated with IgA to a significantly lesser extent than bacteria isolated from the feces of BALB/c control animals ( Figure 1E ). Staining with wheat-germ agglutinin (WGA) showed that the diminished shield of IgA antibodies was accompanied by a reduced layer of mucus separating the gut lumen from the epithelial cells. Nevertheless, the number of goblet cells expressing mucus seemed to be normal in DdblGATA-1 mice ( Figure 1F ).
Eosinophil-Deficient Mice Have Altered Microbiota
The loss of eosinophils and the reduced amount of secreted IgA antibodies in DdblGATA-1 mice were accompanied by an increase in the number of fecal bacteria ( Figure S1C ). To test whether the composition of the intestinal microbiota is affected, we cohoused BALB/c and DdblGATA-1 mice for 3 weeks and then analyzed the microbiota. In DdblGATA-1 mice, the fecal microbiota was abnormal, as the ratio of WGA + -Gram + to WGA À -Gram À bacteria was substantially lower than in controls ( Figure S1D In addition to the effect on eosinophils, changes in GATA-1 expression also affect the development and function of basophils (Nei et al., 2013 ). Thus we next analyzed the PHIL mouse strain, in which the development of mature eosinophils is prevented by lineage specific expression of the cytotocidal diphtheria toxin A chain (Lee et al., 2004) . A marked reduction in the number of plasma cells in the LP (Figure 2A , left panel) and secreted IgA both in serum and in the small intestine was also found in PHIL mice. In addition, the amount of secreted IgA in feces was also reduced ( Figure 2B ). Staining of colon tissue sections from PHIL mice with WGA showed mucus expression in goblet cells; however, as in DdblGATA-1 mice, the mucous layer was not intact (Figure 2A, right panel) . Furthermore, the absence of eosinophils and the reduced amount of secreted IgA affected the normal gut microflora since PHIL mice showed an increase in bacterial load and a shift toward Gram À bacteria compared with C57BL/6 WT animals ( Figure S1F ). Together, these findings demonstrate the crucial role of eosinophils for the development of the mucosal immune system.
The Persistence of IgA + Plasma Cells in the LP Is Dependent on Eosinophils The reduced number of plasma cells in the LP of eosinophil-deficient mice suggests that eosinophils are required for plasma cell maintenance in the LP. We therefore asked whether LP eosinophils support plasma cell survival in vitro. Eosinophils and IgA plasma cells were isolated from the LP ( Figure S2A ) and after 2 days of coculture, cells were harvested and stained with Annexin-V and DAPI to determine whether eosinophils prevent plasma cell apoptosis. In the presence of eosinophils, the frequency of Annexin V À plasma cells increased from about 5% to nearly 40% ( Figure 2C ), indicating that eosinophils in the LP might indeed support the survival of plasma cells.
To demonstrate directly the requirement of eosinophils for the maintenance of IgA-secreting plasma cells in the LP, BALB/c mice were injected with Siglec-F-specific antibodies, which previously have been shown to deplete eosinophils in BM, blood, and spleen (Chu et al., 2011) . In a first experiment, BALB/c mice were injected 3 times with 20 mg Siglec-F-specific antibodies every second day and 3 days after the last injection the LP was isolated ( Figure S2B ). The analysis of cell suspensions showed that one week of Siglec-F-specific antibody treatment was sufficient to deplete eosinophils from the LP ( Figure S2C ). Tissue sections were prepared, and staining with MBP-specific antibodies confirmed that only a few eosinophils remained in the LP ( Figure 2D ). Concomitantly, the number of plasma cells was reduced and only as the LP became repopulated with newly generated eosinophils did IgA-expressing plasma cells reappear ( Figure 2D ; Figure S2B , histogram). These findings demonstrate the crucial role of eosinophils for the maintenance of plasma cells in the LP.
When BALB/c mice were treated for 2 weeks with Siglec-Fspecific antibodies and analyzed 3 days later, we not only found a reduction in the number of IgA + secreting plasma cells in the LP ( Figure S2D ) but also found a reduction in the frequency and the absolute number of IgA + B cells ( Figure 2E ) and a marked reduction of IgA antibodies in the circulation and in the lumen of the small intestine ( Figure 2F ). These findings show that prolonged depletion of eosinophils affect both IgA + plasma cell numbers and IgA + B cells in the LP.
Eosinophils Promote IgA Class Switch In Vitro
It was shown previously that in the gastrointestinal tract APRIL, the B cell-activating factor (BAFF) and TGF-b1 provided by dendritic cells synergistically support T cell-independent IgA class switching (Litinskiy et al., 2002 Figure S3A ) showed AID expression upon activation with LPS or CBA ( Figure 3B ). However, IgA germline (a GL) transcripts were only seen when eosinophils were present. This shows that eosinophils are able to support the induction of IgA class switch in vitro ( Figure 3B ). a GL transcripts were not observed when B cells were incubated with CBA and eosinophils isolated from the LP of MyD88 and TRIF double-deficient mice ( Figure 3B ). The induction of a GL transcripts in splenic IgD + B cells cocultured with eosinophils, suggests that eosinophils express TGF-b1, although active TGF-b was not detected in culture supernatants (data not shown). However, matrix metalloprotease 9 (MMP9), one of the proteases required for release of active TGF-b1 from the large latent TGF-b1 protein complex, was found in high amounts in the culture supernatants ( Figure 3C ) (Munger Immunity Eosinophils Essential for Gut Immune Homeostasis and Sheppard, 2011). Further enhancement of MMP9 expression was seen when LP eosinophils were activated by CBA (Figure 3C ), whereas in culture supernatants with eosinophils from MyD88 and TRIF double-deficient mice practically no MMP9 was detected ( Figure 3C ). In addition, in line with gene-expression profiling (Geo accession GSE33807, Wen et al., 2012) gut eosinophils express mRNA for MMP2 and for integrin an both of which might contribute to the activation of TGF-b (data not shown). TGF-b1, MMP2, and MMP9 mRNA was measured in the gastrointestinal tract of DdblGATA-1 and WT mice, and although only a slight reduction in TGF-b1 was observed ( Figure S3B , left), MMP2 and MMP9 expression was substantially reduced in PP, duodenum, jejunum, and ileum ( Figure S3B , middle and right). These findings suggest that intestinal eosinophils are an important source for TGF-b activating factors.
Eosinophils in the LP express high amounts of TLR2, TLR4, TLR5, TLR7, and TLR9 ( Figure S3C ), and they respond to TLR ligands, as they upregulate the expression of mRNA for APRIL and IL-6, and also for TGF-b1 when incubated with CBA (Figure S3D ). MyD88 and TRIF double-deficient animals have normal numbers of eosinophils, however, the expression of cytokines and factors required for B cell differentiation is reduced. These findings give further evidence that activation of intestinal eosinophils is dependent on signaling though the adaptor molecules MyD88 and TRIF ( Figure 3D ) and suggest that eosinophils respond to the intestinal microbiota by enhanced expression of cytokines required for B cell differentiation and plasma cell maintenance.
The Development of PP and ILF Is Normal in EosinophilDeficient Mice
In the LP of eosinophil-deficient mice, numbers of IgA + B and plasma cells were reduced, whereas the frequency and absolute number of IgM + B cells was normal ( Figure 4A ). Furthermore, the few remaining IgA + B cells almost all belonged to the CD5 + B1 subset ( Figure 4B ). The finding that in eosinophil-deficient mice CD5 À IgA + B2 cells were nearly absent, suggests that the generation of IgA + B cells in germinal centers of the PP is impaired.
Both eosinophil-deficient DdblGATA-1 and PHIL mice have normal numbers of PP, but they are smaller than those detected in WT mice ( Figure 4C ). Staining of PP tissue sections with antibodies specific for CD4 showed normal organization of the T and the B cell zones ( Figure S4A , left panel), as well as normal frequencies of T and B cells ( Figure S4B ). However, consistent with the smaller size of PP in DdblGATA-1 mice, absolute numbers of T and B cells were reduced ( Figures S4B, right  panel) .
Germinal centers developed normally in the DdblGATA-1 mice ( Figure S4A , right panel) and the frequency of PNA hi germinal center B cells was in the same range as in WT controls (Figure 4D) . Furthermore, staining with CD138-specific antibodies showed normal frequencies of plasmablasts ( Figure 4E ). Despite normal development of germinal centers and normal plasma cell differentiation, the frequency of IgA + B cells and also of IgA + plasmablasts was lower in the PP of DdblGATA-1 mice ( Figure 5A and 5B). Thus, although the total number of cells in PP of DdblGATA-1 mice was approximately one third (Figure 4C, right lower 
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Eosinophils Essential for Gut Immune Homeostasis plasmablasts was less than one tenth of that seen in BALB/c mice ( Figure 5B , right lower panel). This is in line with the reduced number of IgA + plasma cells both in the LP and in ILF of eosinophil-deficient mice. The effect of eosinophil deficiency on the number of IgA + plasma cells was surprising, as at steady state in PP and also in ILF of WT mice, only a few eosinophils are found ( Figures S1A and S5A , left panel). Similar to PP, the structure and cellular organization of ILF was not affected by the absence of eosinophils ( Figure S5A ).
Preferential Switch to IgG1 in the GALT of DdblGATA-1 Mice Gating on CD138 hi B220 lo cells showed that the frequency of IgM + plasmablasts in PP of DdblGATA-1 mice was only slightly higher than in WT animals, although the frequency of IgA À IgM À plasmablasts was increased ( Figure 5B , left lower panel).
Analysis of the IgG isotype of GC B cells showed that the frequency of IgG2b + B220 + PNA hi B cells in DdblGATA-1 mice was in the same range as seen in BALB/c mice ( Figure 5C , lower histograms). We found that the large majority of B220 + PNA hi B cells in the PP of the DdblGATA-1 had switched to IgG1 rather than to IgA so that even though the total number of germinal center B cells in the DdblGATA-1 mouse was only one quarter of that in BALB/c mice, the absolute number of IgG1 expressing B cells was nearly doubled (Figures 5C, graphs) . To further examine the importance of eosinophils for IgA class switching in the PP, we performed prolonged depletion of eosinophils. Two weeks of eosinophil deficiency was sufficient to affect the generation of IgA + B cells in PP, in which, despite the normal frequency of PNA hi germinal center B cells (Figure S5B) , there was a shift toward IgG1 + B cells ( Figure 5D ).
These experiments show that eosinophils are needed for Data are means ± SD (*p < 0.05, **p < 0.01, ***p < 0.001).
Eosinophils Essential for Gut Immune Homeostasis efficient class switching from IgM to IgA and thus for the generation of IgA-secreting plasma cells in the germinal centers of PP. TGF-b1-deficient mice have also been described to have PP of reduced size and show a shift from IgA toward IgG1 expression (van Ginkel et al., 1999) . Whereas in TGF-b1-deficient mice both mucosal and systemic lymphoid tissues were affected, in eosinophil-deficient mice IgA class switching was only impaired in PP and ILF, but normal numbers of IgA + B cells were found in MLN ( Figure S5C ). This indicates lack of TGF-b1 specifically in the GALT of eosinophil-deficient mice.
In DdblGATA-1 Mice, Tfh Cell Cytokine Production Promotes Class Switch to IgG1 Because B cell differentiation in germinal centers is mainly controlled by Tfh cells, we asked whether the development and cytokine expression of the Tfh cells was affected by eosinophil deficiency. By using antibodies specific for PD-1 and CXCR5, we found comparable frequencies of Tfh cells in PP of DdblGATA-1 and WT mice ( Figure 6A ). To further characterize Tfh cells, bulk CD4 + T cells and CD4 + PD-1 + CXCR5 + Tfh cells were isolated from PP of BALB/c and DdblGATA-1 mice (Figure S6A) and RNA analyzed by quantitative RT-PCR. Although CXCR5, BCL-6, and IL-21 mRNA was in the normal range (Figure 6B) , expression of the Th2-type cytokines IL-4 and IL-5 was enhanced in Tfh cells of DdblGATA-1 mice ( Figure 6C ).
GATA-3, the key factor controlling Th2 cell differentiation, is negatively regulated by the transcription factor Sox4 (Kuwahara et al., 2012) . In BALB/c mice Sox4 expression in Tfh cells was increased 3-fold compared to that in bulk T cells (Figure 6D) . Sox4 upregulation was not observed in Tfh cells from (D) BALB/c mice were injected with Siglec-F-specific antibodies or isotype matched rat IgG2a for 2 weeks. Staining with isotype-specific antibodies was used to determine frequencies and numbers of the different B cell subsets in PP. Data are means ± SD (*p < 0.05, **p < 0.01, ***p < 0.001).
DdblGATA-1 mice, which instead expressed increased amounts of GATA-3 in line with enhanced expression of TH2-type cytokines. As expected, normal amounts of Tbet, the transcription factor controlling Th1 cell differentiation, were expressed by Tfh cells in the DdblGATA-1 mice ( Figure 6D ). When Tfh cells were isolated from the spleens of animals immunized with the T cell-dependent antigen 2-phenyl-oxazolone, there was no significant difference in cytokine expression between BALB/c and DdblGATA-1 mice ( Figure S6B and S6C) . Furthermore, Sox4 expression was not increased in Tfh cells isolated from the spleen, nor was GATA-3 differentially expressed in splenic T cells from immunized DdblGATA-1 mice and WT animals ( Figure S6D ). Because Sox4 is a downstream target of TGF-b signaling (Kuwahara et al., 2012) , these further suggest reduced TGF-b concentrations in PP of eosinophil-deficient mice.
Mucosal T Cell and DC Compartments Are Affected by Eosinophil Deficiency
To further analyze the mucosal T cell compartment, we prepared cell suspensions from eosinophil-deficient and control animals from the LP, PP, and MLN. In the LP, the frequency and number of CD4 + T cells was reduced ( Figure 7A ). Normally, the majority of CD4 + T cells in the LP express CD103, the alpha chain of a TGFb1 inducible integrin (Feuerer et al., 2010; Kilshaw and Murant, 1990) ; however, in the LP of both DdblGATA-1 and PHIL mice, we saw reduced numbers of CD103 + CD4 + T cells ( Figure S7A ).
Staining with antibodies against CD4, CD103, and Foxp3 showed a specific reduction for CD4 + CD103 + T cells including CD103 + Treg cells in DdblGATA-1 mice ( Figure 7B , upper panels). In PP, the frequency of total CD4 + Foxp3 + Treg cells was only slightly reduced ( Figure 7B Figure 7B , middle panels). The effect of eosinophil-deficiency is restricted to the GALT, as normal frequencies of CD4 + T cell subsets were detected in MLN ( Figure 7B , lower panels). Furthermore, the MFI of CD103 expression on CD4 + T cells from LP and PP was lower in the DdblGATA-1 than in control animals ( Figure S7C ), and again no difference in CD103 expression was seen when CD4 + T cells were isolated from MLN ( Figure S7C ). Staining with CD103-and CD11c-specific antibodies showed a specific reduction in the frequency and absolute number of CD103 + DCs in the LP of DdblGATA-1 mice ( Figure 7C ). This subset of mucosal DC was shown to express retinal dehydrogenase 2 (Aldh1a2) required for the production of retinoic acid, a crucial mediator of T cell-independent IgA class switch (Uematsu et al., 2008) . In line with diminished numbers of CD103 + DC, we find reduced amounts of Aldh1a2 mRNA in the LP of eosinophildeficient mice ( Figure 7C ). This shows that eosinophils are required for the generation of normal numbers of CD103 + T cells and CD103 + DCs. In line with a local deficiency of TGF-b1, normal numbers were found in MLN of DdblGATA-1 mice.
DISCUSSION
Eosinophils are a major cellular component of the gastrointestinal tract and are present in the tissue before birth. In contrast to lymphocytes, colonization by eosinophils is independent of the microbiota, and in line with this we found normal numbers of eosinophils in the gut of animals that lack signaling through MyD88 and TRIF (data not shown). Eosinophils are regarded as proinflammatory, and their activation status correlates with disease severity in food allergy and other eosinophilic gastrointestinal disorders . Nevertheless, recent work suggests that eosinophils also contribute to the maintenance of tissue integrity (Lee et al., 2010) . 
Immunity Eosinophils Essential for Gut Immune Homeostasis
The gastrointestinal tract harbors commensal microorganisms and potential pathogens and both should be prevented from entering body tissues. Luminal IgA is central for immune exclusion (Stokes et al., 1975) , but it is also involved in the sampling and transepithelial transport of mucosal antigens through M cells, which overlie PP (Mantis et al., 2011; Weltzin et al., 1989) . Thus, IgA-secreting plasma cells are of crucial importance for homeostasis in gut-associated tissues. Here we show that the maintenance and generation of IgA + plasma cells are dependent on eosinophils. We find a marked reduction in the amount of IgA in mucosal tissues and gut lumen and in the circulation of eosinophil-deficient mice. Epithelial cells and DCs also produce large amounts of plasma cell survival factors; however, their expression of cytokines such as APRIL and IL-6 is not sufficient.
Mutual interactions between plasma cells and eosinophils might be crucial for plasma cell survival in the LP (Chu and Berek, 2013) . Furthermore, plasma cells might contribute to eosinophil survival and cytokine production by secretion of IgA (Bartemes et al., 2005) . Various mechanisms contribute to the generation of IgA + plasma cells (Cerutti, 2008; Fagarasan et al., 2010; Macpherson et al., 2000; Tezuka and Ohteki, 2010) . T cell-dependent IgA class switching mainly takes place in the germinal centers of PP (Casola and Rajewsky, 2006; Craig and Cebra, 1971) , whereas IgA plasma cell generation in the LP and ILF does not rely on T cells (Fagarasan et al., 2001) . In PP germinal centers, Tfh cells express normal amounts of IL-21 but have reduced expression of the Th2 type cytokines IL-4 and IL-5 and thus provide a cytokine milieu, which promotes preferential class switching to IgA (Dullaers et al., 2009 ). In eosinophil-deficient animals, Tfh cells had upregulated GATA3 and accordingly increased expression of Th2-type cytokines, which promote switching to IgG1. Sox4, a transcription factor that negatively regulates GATA-3, is a target of TGF-b1 (Kuwahara et al., 2012) . Thus in the absence of eosinophils, reduced amounts of active TGF-b1 in the GALT could prevent Sox4 upregulation during Tfh cell differentiation leading to an inability to suppress expression of Th2-type cytokines, and this would favor IgG1 class switching. T cell-independent generation of IgA + plasma cells is supported by CD103 + DCs (Litinskiy et al., 2002; Tezuka et al., 2007; Uematsu et al., 2008) , which provide cytokines and factors crucial for IgA class switching. In in vitro cultures, we found that eosinophils also have the potential to promote IgA class switching. As described for CD103 + DCs, activation of eosinophils through TLRs enhanced expression of APRIL and TGF-b1 and, in addition, the expression of MMP9, a metalloproteinase pivotal for the activation of the large latent complex of TGF-b1. Eosinophils might directly support T cell-independent IgA class switch in the LP; however, as CD103 + DC numbers and thus Aldh1a2 expression are reduced in the LP of eosinophil-deficient mice, the possibility that eosinophils indirectly affect T cell-independent IgA class switching cannot be excluded. TGF-b1-deficient mice showed the crucial importance of this cytokine for mucosal immunity (van Ginkel et al., 1999) . These animals showed reduced size of PPs, a preferential switch to IgG1 and altered cytokine expression in Tfh. Eosinophil-deficient mice showed a similar phenotype, suggesting that there is a deficiency of active TGF-b1 in the GALT. Eosinophils might directly contribute to the amount of active TGF-b1 or alter its expression in cells such as CD103 + DCs and epithelial cells.
Apart from its involvement in IgA class switch, TGF-b is also necessary to promote the development of Foxp3 + CD4 + Treg (Chen et al., 2003; Cobbold et al., 2004; Fantini et al., 2004) . Lower amounts of active TGF-b in the eosinophil-deficient mice might contribute to the reduction in Treg cell numbers. At steady state, Treg cells are generated in MLN and subsequently move to the LP where they undergo numerical expansion (Hadis et al., 2011) . In eosinophil-deficient mice, a reduction in Foxp3 + -Treg cell numbers was observed in the LP, but not in the MLN, suggesting that eosinophils are not required for Treg generation but are required for their retention and/or expansion in the LP.
Here we found that eosinophils are crucial for the maintenance and generation of IgA + B and plasma cells in the LP. The finding that eosinophil-deficient mice have reduced IgA, changes in the gut microflora, and marked changes in the DC and T cell compartments suggests that eosinophils play a more widespread role than hitherto thought in mucosal immunity.
EXPERIMENTAL PROCEDURES
Mice and Human Biopsies BALB/c and C57BL/6 mice were purchased from Charles River Laboratories, DdblGATA-1 mice (BALB/c background) from The Jackson Laboratory and PHIL mice (C57BL/6 background) from the Mayo Clinic (Lee et al., 2004) . MyD88 and TRIF double-deficient mice were generated by S. Akira, Osaka University. Animal experiments were approved by the animal care and use committee (LAGESO). The analysis of two human biopsies from colon and one from the ostium of the vermiform appendix was approved by the ethic committee Charite (Ethikantrag EA1/020/12). Informed consent was obtained.
Cell Isolation
To isolate LP cells, we flushed small intestines with cold PBS, removed PP, and opened them along the mesenteric side. Intestines were cut into 5 mm pieces and incubated twice with Hanks Balanced Salt Solution (HBSS) containing 5 mM EDTA, 10% FCS, 0.01M HEPES, 100 U/ml penicillin, and 100 mg/ml streptomycin (GIBCO) for 20 min at 37 C, followed by intense vortexing to remove the epithelium. Tissues were washed twice with HBSS, minced, and digested twice with RPMI 1640 containing 10% FCS, 0.01M HEPES, 1 mg/ml collagenase D (Roche), 0.1 mg/ml Dnase (Sigma), and 1 mg/ml Dispase (Sigma) for 20 min at 37 C in a shaker at 200 rpm. Tissues were passed through an 18 gauge needle several times and filtered through a 70 mm cell strainer (BD Biosciences) on ice. Cells were washed twice with RPMI 1640 and fractionated on a Percoll TM (GE Healthcare) gradient with 40% and 100% Percoll layers. Cells at the interface were collected, washed twice and resuspended into FACS buffer. To isolate cells from PP and MLN, tissues were pressed through a 70 mm cell strainer.
Flow Cytometry
Surface and intracellular staining was as described previously (Chu et al., 2007; Chu et al., 2011 . To isolate splenic Tfh cells, BALB/c mice were immunized intraperitoneally (i.p.) with Alum precipitated phOx-CSA. At day 11 total splenic T cells and Tfh cells were sorted as described above.
Isolation of Bacterial Antigens from the Cecum for In Vitro Cell Culture Preparation of CBA was as previously reported with minor modifications (Cong et al., 1998) . Cecal extracts from BALB/c mice were resuspended in sterile PBS and residual debris removed by centrifugation. Subsequently, 5 mM protease inhibitor PMSF (Sigma) and 0.1 mg/ml Dnase (Sigma) were added, the bacterial suspension was sonicated on ice (Sonoplus HD 2070 homogenizer), and debris was removed by centrifugation. The supernatant was filtered (0.2 mm pore size) and protein content measured.
We used 100 mg/ml total CBA for in vitro stimulation. Triplicate cultures were set up with 3 3 10 5 LP eosinophils in medium alone or with CBA for 24 hr. To CBA or LPS or without activation for 5 days. Cells were harvested, RNA extracted and tested for AID, and a GL expression as described previously (Bergqvist et al., 2006) .
Analysis of Tissue Samples
Mouse small intestine and colon were excised and flushed with cold PBS. We filled 20 mm pieces with a 50% mixture of OCT and PBS and froze them in OCT. For visualization of ILF, fragments of approximately 10 cm were opened along the mesenteric side, washed with cold PBS, and frozen in form of a Swiss roll with the luminal side facing outward. To determine the size of PP, we freed samples of small intestine of fat and connective tissue and submerged them in 10% acetic acid for 30 min. Human colon biopsies were washed with PBS and frozen as described above. To visualize the mucous layer, we fixed mouse colon by shaking in 4% paraformaldehyde (PFA) overnight. Samples were washed twice with PBS and transferred to OCT. Cryosections (7 mm) were prepared and stained as described previously (Chu et al., 2011) . Fluorescence staining was analyzed with a LSM confocal laser microscope.
Flow Cytometric Analysis of Fecal Bacteria
To determine the amount of fecal bacteria, we cohoused BALB/c and DdblGATA-1 mice were cohoused for 3 weeks. Fresh feces were suspended in sterile PBS (approximately 100 ml to 10 mg stools) and homogenized, and larger fecal particles removed by centrifugation. We washed 50 ml supernatant in 1 ml sterile PBS. The bacterial pellets were resuspended in 480 ml of 2% paraformaldehyde (PFA). After adding 20 ml propidium iodide, fecal bacteria were counted on a BD FACSCanto with FSC and SSC parameters in logarithmic mode and the number of the fecal bacteria per mg feces calculated.
To determine the extent of coating of fecal bacteria with IgA, we washed bacterial pellets twice, resuspended them into 100 ml PBS/BSA, and stained them with FITC conjugated rat anti-mouse IgA (Southern Biotech).
The Analysis of Fecal Bacterial Genomic DNA Fresh stools were collected from cohoused mice and DNA isolated with the high-temperature step (95 C) (QIAGEN DNA Stool Kit). The relative amount of specific fecal bacterial groups was quantified by analysis of bacterial genomic DNA using the Light Cycler FastStart DNA Master SYBR Green I (Roche Diagnostics) and group specific 16S rDNA gene primers (Salzman et al., 2010) . A 172 bp common fragment of the 16S rDNA gene was used as internal reference to determine the total amount of Eubacteria. Real-time PCR was performed to detect the amount of the bacterial groups: Bacteroides (Bact), Mouse Intestinal Bacteroides (MIB), Eubacterium rectal/Clostridium coccoides (Erec), Lactobacillus/Enterococcus (Lact), and segmented filamentous bacteria (SFB).
Eosinophil Depletion
Eosinophil depletion using Siglec-F specific antibodies was as previously described (Chu et al., 2011) . For long-term depletion, BALB/c mice were injected for 2 weeks every second day i.p. with 20 mg anti-mouse Siglec-F antibody (R&D Systems) or isotype-matched control Rat IgG2a (R&D Systems) and analyzed 3 days later.
ELISPOT and ELISA IgA, IgM, and IgG antibody titers were measured by ELISA (Southern Biotech), and the number of plasma cells determined by enzyme-linked immunospot analysis (Spot FluoroSpot Reader System; AID) (Chu et al., 2011) . To detect IgA in the small intestine, we flushed the luminal content was flushed with 2 ml cold PBS and centrifuged it to remove small cell debris. To detect IgA in mouse fecal pellets, we collected feces and weighed and resuspended them in sterile PBS. MMP9 was detected with QuantikineÒ ELISA (R&D Systems).
Gene-Expression Analysis
Total RNA was extracted by using NucleoSpin RNA II (Macherey-Nagel) and reverse-transcribed into cDNA with a Sensiscript/Omniscript RT kit (QIAGEN). The expression of TLR2, TLR4, TLR5, TLR7, and TLR9 was detected by semiquantitative RT-PCR. The expression of BAFF, APRIL, IL-6, TGF-b1, MMP2, MMP9, Aldh1a2, CXCR-5, BCL-6, IL-21, IL-4, IL-5, IL-17A, IFN-g, Sox4, GATA-3, and T-bet was measured by real-time PCR.
Statistical Analysis
A paired two-tailed Student's t test was used for statistical analysis. ***p < 0.001; ** p < 0.01, * p < 0.05.
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